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Toprevent genetic code ambiguity due tomisincorporationof
amino acids into proteins, aminoacyl-tRNA synthetases have
evolved editing activities to eliminate intermediate or final non-
cognate products. In this work we studied the different editing
pathways of class Ia leucyl-tRNA synthetase (LeuRS). Different
mutations and experimental conditions were used to decipher
the editing mechanism, including the recently developed com-
pound AN2690 that targets the post-transfer editing site of
LeuRS. The study emphasizes the crucial importance of tRNA
for the pre- and post-transfer editing catalysis. Both reactions
have comparable efficiencies in prokaryotic Aquifex aeolicus
and Escherichia coli LeuRSs, although the E. coli enzyme
favors post-transfer editing, whereas the A. aeolicus enzyme
favors pre-transfer editing. Our results also indicate that the
entry of the CCA-acceptor end of tRNA in the editing domain is
strictly required for tRNA-dependent pre-transfer editing. Sur-
prisingly, this editing reaction was resistant to AN2690, which
inactivates the enzyme by forming a covalent adduct with
tRNALeu in the post-transfer editing site. Taken together, these
data suggest that the binding of tRNA in the post-transfer edit-
ing conformation confers to the enzyme the capacity for pre-
transfer editing catalysis, regardless of its capacity to catalyze
post-transfer editing.

Aminoacyl-tRNA synthetases (aaRSs)3 are key enzymes
involved in the translation of genetic information by catalyzing
the formation of aminoacyl-tRNAs (1, 2). The aminoacylation
reaction carried by aaRS is a two-step process. First, the amino
acid is activated by ATP to yield an aminoacyl-adenylate inter-
mediate. The second step consists in the transfer of the amino-
acyl moiety to one of the two hydroxyl oxygens of the 3�-termi-
nal nucleotide of tRNA to form the aminoacyl-tRNA and

liberate AMP (3). The 20 aaRSs can be divided into 2 classes of
10members each on the basis of conserved sequences and char-
acteristic structural motifs (4). The accuracy of the tRNA ami-
noacylation reaction is essential to the fidelity of protein syn-
thesis and, hence, cellular functions and viability (5–7). Each
aaRS must select its cognate amino acid from the cellular pool
of 20 different proteinaceous amino acids with an overall accu-
racy of approximately 1 error per 104–105 codons (8). Com-
pared with tRNA selection, recognition of cognate amino acid
is challenging for aaRSs because amino acids are small mole-
cules with only a few interacting groups (9). Misactivation of
amino acids isosteric to the cognate amino acid is observed by
approximately half of all aaRSs because of the inherent physio-
chemical limitations on closely discrimination similar amino
acid side chains (3). One typical example is leucyl-tRNA syn-
thetase (LeuRS), which canmisactivate isoleucine, methionine,
homocysteine, �-amino butyrate, and norvaline (Nva) with dif-
ferent efficiencies (10).
To clear misactivated amino acid and misaminoacyl-tRNA,

some synthetases have evolved an additional error-correcting
mechanism known as “pre-transfer editing” to hydrolyze mis-
aminoacyl-adenylate and “post-transfer editing” for removing
mischarged tRNAs (3, 9). The post-transfer editing has been
shown to occur in a distinct hydrolytic site that deacylates mis-
charged tRNAs while excluding the correct aminoacyl-tRNA
(11). The editing site for class Ia subgroup aaRSs, including
isoleucyl-tRNA synthetase, valyl-tRNA synthetase, and LeuRS,
is located within the domain called connective peptide 1 (CP1),
a discretely folded domain of about 200 residues inserted into
the Rossmann-fold catalytic domain where aminoacylation
occurs (11–14). A threonine-rich region with the CP1 domains
marks the editing site (11, 15–17). The mechanism is believed
to involve shuttling of the flexible CCA-3� end of the tRNA
from the synthetic site to the hydrolytic editing site located at a
30 Å distance (11, 18, 19). However, the mechanism, and even
the actual active site of pre-transfer editing still remains con-
troversial. The non-cognate aminoacyl-adenylates can be
hydrolyzed via tRNA-dependent (20, 21) or tRNA-independent
pathways by LeuRS and other aaRSs (22, 23). Fluorescence-
based assays and mutational analysis together with x-ray crys-
tallography studies showed that both pre- and post-transfer
editing substrate analogs bind in overlapping sites in the CP1
domain of LeuRS and isoleucyl-tRNA synthetase and suggested
that misactivated amino acid is translocated from the catalytic
synthetic site to the editing domain in a tRNA-dependentman-
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ner (11, 15, 24–26). To accomplish this, a post-initiated pre-
transfer editing model has been postulated for isoleucyl-tRNA
synthetase. According to this hypothesis, after an initial post-
transfer editing step the binding of tRNA triggers a conforma-
tional change in the editing site that makes it competent for
pre-transfer editing (27). However, a clear structural basis for
such a mechanism is unclear because no confined passageway
between the synthetic and editing sites is apparent that might
serve to prevent dissociation of misactivated aminoacyl-adeny-
lates from the surface of the enzyme during translocation. On
the other hand, several recent studies have shown that tRNA-
dependent pre-transfer editingmay occur in the synthetic active
site. This has been first shown for class I glutaminyl-tRNA synthe-
tase,whichnormally lacks a spatially separate editingdomain (28).
Similarly, class II prolyl-tRNA synthetase and seryl-tRNA synthe-
tase also edit non-cognate aminoacyl-adenylates in their synthetic
active site in a tRNA-independent way (23, 29). For LeuRS, the
location of a tRNA-dependent pre-transfer editing activity within
the synthetic site was also proposed (30). More recently, using a
CP1-inactivated mutant of LeuRS, a tRNA-independent pre-
transfer editing was suggested to occur in the synthetic site,
whereas both tRNA-dependent pre-transfer and post-transfer
editing occur in the CP1 domain (22).
Herein, we focus our study on tRNA-dependent pre-transfer

editing of Aquifex aeolicus and Escherichia coli LeuRS
(AaLeuRS and EcLeuRS) (22, 31). AaLeuRS is the only known
heterodimeric LeuRS consisting of an �- and �-subunit of 634
and 289 amino acid residues, respectively (32). EcLeuRS is a
single polypeptide enzyme of 860 amino acid residues. Here we
show that both enzymes edit the non-cognate amino acid Nva,
as demonstrated by the robust AMP formation in the thin-layer
chromatography (TLC)-based editing assay. We examined the
editing activity of CP1-inactivated mutants located in the Thr-
rich region of the two enzymes (AaLeuRS-T273R and
EcLeuRS-T252R). Despite a total loss of post-transfer editing,
bothmutated enzymes still retained highAMP formation rates,
higher than in the absence of tRNA, suggesting that another
editing pathway depending on the tRNAmight exist in addition
to the post-transfer editing pathway. The same effect was
observed when AN2690 (5-fluoro-1,3-dihydro-1-hydroxy-2,1-
benzoxaborole), an antifungal agent that binds into the CP1
editing site and traps tRNALeu, was used (33). We found that
AN2690 inhibits aminoacylation and hydrolysis of mischarged
tRNAbut, unexpectedly, the compound only partially impaired
AMP formation. On the contrary, when AaLeuRS-Y358D and
EcLeuRS-Y330D mutants were used to block the tRNA entry
into the CP1 editing pocket, both tRNA-dependent editing
pathways were abolished. These data strongly suggested that
prokaryotic AaLeuRS and EcLeuRS possess strong tRNA-de-
pendent pre-transfer editing activity that crucially depends on
the interaction of the CCA acceptor end within the CP1
domain. Our results also indicated that tRNA-dependent pre-
transfer editing might cooperate with post-transfer editing to
improve the fidelity of catalysis of LeuRS.

EXPERIMENTAL PROCEDURES

Preparation of Enzymes and RNA Substrates—AaLeuRS and
EcLeuRS were overproduced in E. coli transformants contain-

ing their genes as His-tagged proteins and purified by nickel-
nitrilotriacetic acid chromatography, as described previously
(13, 33). The genes encoding the various mutations were con-
structed by the two-step PCRmethod, and the DNA sequences
of all the mutants were confirmed by DNA sequencing. A.
aeolicus tRNAGAG

Leu (AatRNALeu) and E. coli tRNAGAG
Leu

(EctRNALeu), with an accepting activity of 1400 and 1300 pmol/
A260, were prepared froman overproduction strain constructed
in our laboratory, respectively (32, 34). Ile-EctRNALeu and Ile-
AatRNALeu were obtained using EcLeuRS-Y330D mutant.
tRNA Charging and Deacylation—Aminoacylation activities

of AaLeuRS or EcLeuRS were performed at 37 °C in a reaction
mixture containing 100 mM Tris-HCl (pH 7.8), 30 mM KCl, 12
mM MgCl2, 0.5 mM dithiothreitol, 4 mM ATP, 20 �M

AatRNALeu or EctRNALeu, 40 �M [3H]leucine (15 Ci/mmol),
and 20 nM AaLeuRS or EcLeuRS with or without 100 �M

AN2690 (Milestone Pharmtech USA Inc.) (13, 33). Misacyla-
tion assays were carried out in a similar system, except that 100
�M [3H]isoleucine (30 Ci/mmol) and 3 �M AaLeuRS or 0.5 �M

EcLeuRS mutants were used. Hydrolytic editing assays of
AaLeuRS or EcLeuRS and themutants were performed at 37 °C
in 100mMTris-HCl (pH 7.5), 30mMKCl, 12mMMgCl2, 0.5mM

dithiothreitol, and 1 �M [3H]Ile-tRNALeu (300 �Ci/�mol), and
the reactions were initiated with 20 nM enzyme. To measure
deacylation of mischarged Ile-EctRNALeu (1 �M) in the pres-
ence of AN2690 (100 �M), uncharged EctRNALeu (5 �M) was
added to the reactionmixture. Only uncharged tRNA can react
with AN2690 and form the covalent adduct responsible for the
enzyme inactivation.
AMP Formation—AMP formation by AaLeuRS was mea-

sured as previously described (22). The reaction mixture con-
tained 100 mM Tris-HCl (pH 7.8), 30 mM KCl, 12 mM MgCl2, 5
mM dithiothreitol, 5 units/ml pyrophosphatase (Roche Applied
Science), 3 mMATP, 20 nM [�-32P]ATP (3000 Ci/mmol; Amer-
sham Biosciences), and 15 mM Nva in the presence or absence
of 5 �M tRNALeu. The reaction was initiated by the addition of
1 �M AaLeuRS or its mutants and incubated at 60 °C. For
EcLeuRS, the assay was carried out at 37 °C and initiated by 0.2
�M enzyme. Aliquots (1.5 �l) were quenched in 6 �l of 200 mM

sodium acetate (pH 5.0). Quenched aliquots (1.5 �l each) were
spotted in duplicate on polyethyleneimine cellulose plates
(Merck) pre-washed with water. Separation of aminoacyl-
[32P]AMP, [32P]AMP, and [32P]ATP was performed by devel-
oping TLC plates in 0.1 M ammonium acetate and 5% acetic
acid. The plates were visualized by phosphorimaging, and data
were analyzed using Multi Gauge Version 3.0 software (FUJIF-
ILM). The gray densities of [32P]AMP spots were compared
with the gray density of known [32P]ATP concentrations. Rate
constants were obtained from graphs of [32P]AMP formation
plotted against time.
Determination of the Kd for tRNALeu by Tryptophan Fluores-

cence Quenching—Equilibrium titrations were performed at
room temperature with 0.1 �M enzyme in 100 mM Tris-HCl
(pH 7.8), 30 mM KCl, 12 mM MgCl2, and 0.5 mM dithiothreitol.
Tryptophan fluorescence was excited at 280 nm. An emission
wavelength of 340 nm was used to quantify binding after cor-
rection for dilution and for the inner filter effect. Control solu-
tions of bovine serum albumin or tryptophan were performed
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to show that there was no fluorescence response to tRNA. The
Kd values were determined by fitting fluorescence intensity
change data versus tRNA concentration using Originpro 7.5
software.

RESULTS

Both E. coli and A. aeolicus LeuRSs Exhibit Strong tRNA-de-
pendent Editing Pathways—In the presence of cognate amino
acid, synthesis of aminoacyl-tRNA occurs after transient syn-
thesis of an aminoacyl-adenylate molecule. It results in the
release of a singleAMPand pyrophosphatemolecule.However,
when a non-cognate amino acid is activated by an aaRS, it may
be mischarged on the tRNA and then hydrolyzed in the editing
domain or be directly hydrolyzed by the enzyme before the
transfer step. Both hydrolytic pathways lead to the production
of one AMPmolecule per cycle. Therefore, the extra formation
of AMP during the catalytic process is characteristic of editing
events. AMP formation can be directly monitored on TLC (28).
The non-cognate amino acid Nva was used to assay the edit-

ing activity of AaLeuRS and EcLeuRS in the presence and
absence of tRNA. The data in Table 1 showed that tRNA could
significantly stimulate the editing activity measured by the
increase of AMP formation due to the editing reaction. The
observed rate constant of AMP formation (kobs) of AaLeuRS in
the absence and presence ofAatRNALeu was 0.086 and 1.43 s�1

(Table 1), respectively, consistent with our previous results
(22).We then examined andmeasured theAMP formation rate
of EcLeuRS in the presence of Nva. The kobs in the absence of
tRNALeu was 0.33 s�1, whereas it reached 3.42 s�1 in the pres-
ence of tRNALeu (Table 2). These results showed that tRNALeu

robustly stimulates editing activity of either AaLeuRS or
EcLeuRS.
A CP1 Mutation That Splits LeuRS Editing Pathways—In

theory, a robust editing capability may result from an efficient
post-transfer editing activity that occurs after tRNA charging
and/or from a rapid hydrolysis of misactivated amino acid in a
pre-transfer editing step induced by tRNA. Both pathways lead
to AMP accumulation. To distinguish between these possibili-
ties, we specifically inactivated the post-transfer editing path-
way bymutagenesis.Wepreviously inactivated theCP1domain
from the AaLeuRS by mutating a conserved aspartic acid to
alanine (D373A) (22). This residue was proposed to maintain
the proper orientation of both pre- and post-transfer editing
substrates into the CP1 domain (15). The mutation inactivated

post-transfer editing but did not change tRNA-independent
pre-transfer editing, suggesting that the later reaction was cat-
alyzed within the aminoacylation active site (22). To confirm
the result, one of the Thr residues from the threonine-rich
region was selected for mutation (Fig. 1). Residue Thr-273 in
AaLeuRS and the corresponding Thr-252 in EcLeuRS are key
residues of the post-transfer editing activity of LeuRSs (17, 35,
36). In EcLeuRS, substitution of Thr-252 by smaller residues
increased the size of the editing pocket, leading to a dramatic
loss of editing specificity and deacylation of the cognate Leu-
tRNALeu product (17, 35). Increasing the size of residue 252 had
the opposite effect, preventing entry of non-cognate substrates
into the editing pocket and, thus, reducing the enzyme fidelity
(35, 36). Here we tested a new mutation combining both an
increase of size and an addition of an extra positive charge. We
mutated the crucial Thr residue to Arg and obtained the
mutants AaLeuRS-T273R and EcLeuRS-T252R, respectively.
Both mutants did not change the aminoacylation activity (sup-
plemental Fig. S1), but the deacylation of Ile-tRNALeu was
strongly impaired, consistent with a defect in post-transfer
editing (Fig. 2,C and F). In parallel, we carried TLC-based assay
in the presence of Nva and tRNALeu. Interestingly, AaLeuRS-
T273R still exhibited 70% of AMP formation (kobs � 1.01 s�1)
compared with the native enzyme (kobs � 1.43 s�1) (Table 1,
Fig. 2, A and B). For EcLeuRS-T252R, the kobs of AMP forma-
tionwas 1.53 s�1, about 45% that of nativeEcLeuRS (kobs� 3.42
s�1) (Table 2, Fig. 2,D andE). These values indicate that theThr
mutations have induced a decrease of AMP formation in the

FIGURE 1. Alignment of conserved regions within the editing (CP1)
domain. Bold arrows indicate the residues involved in this study. Aa, A. aeoli-
cus; Ec, E. coli; Hi, Haemophilus influenzae; Tt, T. thermophilus; Yp, Yersinia pes-
tis; Xa, Xanthomonas axonopodis; Fn, Fusobacterium nucleatum; St, Salmonella
typhimurium; Bs, Bacillus subtilis; Ba, Bacillus anthracis; Gs, Geobacillus
stearothermophilus.

TABLE 1
Observed rate constants of AaLeuRS and its mutants in AMP
synthesis at 60 °C
Rates were determined using the AMP formation in the TLC assay described under
“Experimental Procedures.” All rates represent the average of three trials with the
S.D. indicated.

LeuRS tRNA AMP formation kobs
s�1

Wild type � (8.6 � 1.4) � 10�2

Wild type � 1.43 � 0.25
T273R � (9.1 � 1.4) � 10�2

T273R � 1.01 � 0.17
Y358D � (8.8 � 1.4) � 10�2

Y358D � (9.5 � 1.6) � 10�2

Y358E � (9.2 � 1.4) � 10�2

Y358E � (1.7 � 1.6) � 10�1

TABLE 2
Observed rate constants of EcLeuRS and its mutants in AMP
synthesis at 37 °C
Rates were determined using the AMP formation in the TLC assay described under
“Experimental Procedures.” All rates represent the average of three trials with the
S.D. indicated.

LeuRS tRNA AN2690 AMP formation kobs
s�1

WT � � (3.3 � 0.4) � 10�1

WT � � 3.42 � 0.51
WT � � (3.1 � 0.4) � 10�1

WT � � 1.86 � 0.28
T252R � � (3.5 � 0.6) � 10�1

T252R � � 1.53 � 0.27
Y330D � � (3.6 � 0.53) � 10�1

Y330D � � (3.9 � 0.63) � 10�1

T252A/Y330D � � (3.7 � 0.56) � 10�1

T252A/Y330D � � (4.4 � 0.72) � 10�1
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presence of tRNA, which should correspond to the loss of post-
transfer editing activity. In the absence of tRNA, the kobs values
of AaLeuRS-T273R and native AaLeuRS were comparable and
reached only 0.091 and 0.086 s�1, respectively (Table 1). Those
from EcLeuRS-T252R and native EcLeuRS were 0.35 and 0.33
s�1, respectively (Table 2). The latter results indicated that
mutating the Thr residue crucial for post-transfer editing activ-
ity did not affect at all the tRNA-independent pre-transfer
editing.
Taken together, the data showed that the substitution of the

conserved Thr by Arg induced inactivation of the post-transfer
editing and decrease of AMP formation corresponding to this
pathway. In theory, the remaining AMP formation measured
with these mutants should result from the sum of the enzyme-
catalyzed pre-transfer editing pathways and the spontaneous
hydrolysis of Nva-AMP. However, the latter reaction is gener-
ally low and negligible compared with the total AMP accumu-
lation rate (22). Thus, in addition to the post-transfer editing
pathway, both AaLeuRS and EcLeuRS possess tRNA-depen-
dent pre-transfer editing pathways that contribute to 70 and

45% of the total AMP formation.
Such a pathway would hydrolyze
non-cognate adenylates at the pre-
transfer level. Compared with the
previous results obtained with the
AaLeuRS-D373A mutant, the level
of the tRNA-dependent pre-trans-
fer editing here measured with the
Thr mutant was significantly higher
(71% here versus 13% in Ref. 22).
This might indicate that the T273R
substitution did not inactivate the
editing activity as did the D373A
mutant. Although both types of
mutants totally abolished the Ile-
tRNALeu deacylation in vitro, the
remaining AMP formation rate was
not equivalent in the presence of
tRNALeu. This strongly suggested
that the enzymes carrying the
D373A and T273R mutations did
not exhibit the same CP1 editing
site conformation in the presence of
tRNA, one having greater tRNA-de-
pendent pre-transfer editing activ-
ity. In conclusion, the T273R and
T252R mutations have separated
the post-transfer and pre-transfer
editing pathways, leading to en-
zymes possessing exclusively pre-
transfer editing activities.
AN2690 Specifically Targets Post-

transfer Editing from EcLeuRS but
Not AaLeuRS—It was recently
shown that the benzoxaborole anti-
fungal compound AN2690 inhibits
yeast cytoplasmic LeuRS by forming
a covalent adduct with the 3�-aden-

osine of tRNALeu at the editing site, thus locking the enzyme in
an inactive conformation (33). AN2690 is also active on human
cytoplasmic LeuRS (37) and Candida albicans LeuRS (38). In
the present work AN2690 was tested against AaLeuRS and
EcLeuRS. AaLeuRS was rather resistant to the compound, and
the aminoacylation activity was only slightly reduced by 100�M

AN2690 (data not shown). This resistance can hardly be inter-
preted according to the fact that all of the residues that interact
with AN2690 in the Thermus thermophilus enzyme (33) also
exist in theAquifex enzyme. Additionally, theAaLeuRS did not
contain any of the mutations that led to AN2690 resistance in
the Saccharomyces cerevisiae enzyme (33), suggesting that the
resistance may result from subtle differences between the
structures of the twoCP1 domains.On the other hand, AN2690
critically reduced the aminoacylation efficiency of EcLeuRS in a
dose-dependent and tRNA-dependent manner as previously
observed (33).With 100�MAN2690, the aminoacylation activ-
ity of EcLeuRS was 5-times reduced (Fig. 3A and data not
shown), and the hydrolytic rate of mischarged Ile-tRNALeu was
drastically reduced (Fig. 3B). By the TLC assay, in the presence

FIGURE 2. The editing property of AaLeuRS, EcLeuRS, and mutated derivatives. A, shown is a TLC-based
AMP formation assay of AaLeuRS or AaLeuRS-T273R in the presence of 5 �M AatRNALeu and 15 mM Nva.
B, shown is a graphical representation of AMP formation. kobs of AMP formation was calculated from the slope
and reported in Table 1. C, shown is hydrolysis of 1 �M Ile-AatRNALeu by 20 nM AaLeuRS or AaLeuRS-T273R.
D, shown is AMP formation assay of EcLeuRS and EcLeuRS -T252R in the presence of 5 �M EctRNALeu and 15 mM

Nva. E, shown is a graphical representation of the AMP formation. F, shown is hydrolysis of 1 �M Ile-EctRNALeu

by 20 nM EcLeuRS or its EcLeuRS-T252R. F, AaLeuRS-T273R; E, AaLeuRS; f, EcLeuRS-T252R; �, EcLeuRS.
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of 100 �MAN2690, 15 mMNva, and
5 �M tRNALeu, the kobs of AMP for-
mation was 1.86 s�1, about 54% that
of the editing activity without
AN2690 (3.42 s�1). This AMP for-
mation rate in the presence of
AN2690 and tRNA was close to the
value measured with EcLeuRS-
T252R mutant (kobs � 1.53 s�1),
which was deprived of post-transfer
editing activity. Thus, both the
T252R mutation and AN2690 com-
pound induced comparable effects
at the editing level and confirm the
existence of a significant tRNA-de-
pendent pre-transfer editing in
EcLeuRS. In the absence of
tRNALeu, AN2690 had no effect on
the kobs of AMP formation (kobs �
3.1� 10�1 s�1 versus 3.3� 10�1 for
the native), indicating that AN2690
does not affect the tRNA-indepen-
dent editing pathway of EcLeuRS
(Table 2, Fig. 3, C and D).
Binding of tRNA to the Editing

Site May Be Required for tRNA-de-
pendent Pre-transfer Editing—Our
results showed that the pre-transfer
editing of the EcLeuRS was main-
tained active when the CP1-editing
site was inactivated by mutation
T252R and when the 3�-CCA end of
tRNALeu was trapped into the CP1
domain of EcLeuRS by AN2690.
Next, we wanted to test if the pres-
ence of the tRNA in theCP1 domain
was required for pre-transfer edit-
ing. We designed mutants intended
to prevent binding of the CCA end
of the tRNA in the CP1 domain.
Inspection of the crystal structure of
T. thermophilus LeuRS in complex
with tRNA in the post-transfer edit-
ing conformation revealed an obvi-
ous candidate in the aromatic resi-
due Tyr-332, which is located at 2.3
Å distance from the phosphate
group of Ade76 (Fig. 4, A and B)
(19). Tyr-332 corresponds to
Tyr-358 ofAaLeuRS and Tyr-330 of
EcLeuRS (Fig. 1). Tyr-358 of
AaLeuRS was mutated to Ala, Leu,
Arg, Lys, Asp, Glu, Phe, Trp, and
Thr. All the mutants exhibited full
amino acylation activity (Fig. 4C).
Among them, only mutants Y358D
and Y358E were unable to deacylate
Ile-tRNALeu (Fig. 4D) and formed

FIGURE 3. Effect of AN2690 on the aminoacylation and editing properties of EcLeuRS. A, shown is amino-
acylation of 20 �M EctRNALeu by 20 nM EcLeuRS in the presence (E) or absence (F) of AN2690 (100 �M). B, shown
is hydrolysis of 1 �M Ile-EctRNALeu by 20 nM EcLeuRS (�) in the presence of 5 �M EctRNALeu (E) or in the presence
of 5 �M EctRNALeu and 100 �M AN2690 (F). C, shown is AMP formation in the presence or absence of tRNA (5 �M

EctRNALeu) with 100 �M AN2690 and 15 mM Nva. D, shown is a graphical representation of the TLC data shown
in panel C in the presence (E) or absence (F) of EctRNALeu.

FIGURE 4. Spatial location of mutated residues and effects of various mutants on aminoacylation and
deacylation. A, structure of TtLeuRS in complex with tRNALeu (in blue) (2BYT). Residue numbering is from
EcLeuRS. Tyr-330 is shown in yellow (spatial equivalent of AaY358). The editing domain (CP1) is colored in red,
and the synthetic and C-terminal domain is in green. B, a view of the CP1 domain shows the last nucleotides
from the tRNA and three crucial residues from the enzyme. Numbering is from EcLeuRS. Distances between
nucleotides and residues are indicated. C, tRNALeu aminoacylation performed in the reaction mix containing 20
�M tRNALeu and 20 nM AaLeuRS (F) or mutated derivatives: �, AaLeuRS-Y358A; �, AaLeuRS-Y358L; ‚,
AaLeuRS-Y358R; f, AaLeuRS-Y358K; E, AaLeuRS-Y358D; �, AaLeuRS-Y358E; �, AaLeuRS-Y358F; Œ, AaLeuRS-
Y358W; ƒ, AaLeuRS-Y358T. D, hydrolysis of 1 �M Ile-AatRNALeu by 20 nM AaLeuRS (F), AaLeuRS-Y358D (E), or
AaLeuRS-Y358E (�) is shown.
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Ile-tRNALeu as a result of the loss of the post-transfer editing
(see later). These two mutants were then tested for their total
editing activity by measuring the AMP formation. In the pres-
ence of tRNA, the kobs of AMP formation of AaLeuRS-Y358D
and -Y358E was only 0.095 and 0.17 s�1, respectively (Table 1),
whichwasmuch lower than nativeAaLeuRS (1.43 s�1) and very
close to the tRNA-independent pre-transfer editing rate (0.086
s�1, Table 1). In the absence of tRNA the AMP formation rates
were very similar to the rate of the native enzyme (0.088 and
0.092 s�1, Table 1), indicating that bothmutants only displayed
tRNA-independent pre-transfer editing and lost tRNA-
dependent pathways including pre- and post-transfer editing.
Likewise, we constructed the corresponding Y330D mutant

of EcLeuRS. The mutation abolished both tRNA-dependent
editing activities as AaLeuRS-Y358D, in agreement with the
effect observed with AaLeuRS mutants (Table 2).
Although the crystallographic structure suggested the exis-

tence of a short-distance interaction between Tyr-330 and the
phosphate group of Ade76, the effect of the Y330Dmutation on
tRNA binding was verified by fluorescence titration (supple-
mental Fig. S2). Whereas the wild-type EcLeuRS exhibited a
dissociation constant of 0.4 �M for tRNALeu, the mutated
Y330D protein showed a 2-fold higher value (Kd � 0.81 �M)
corresponding to a variation of binding energy of �0.42 kcal/
mole (39), consistentwith a loss of binding energy of a hydrogen
bond (39). As an additional control, the Kd for tRNALeu of
mutant T252R was measured under the same conditions. This
residue is located far from and is not supposed to interact with
the acceptor end of the tRNA (Fig. 4B). A Kd value of 0.41 �M

was found that is very similar to the Kd of the native enzyme.
The steady-state parameters of Y330Dmutant during the ami-
noacylation reaction were also measured (supplemental Table
S1). The wild-type EcLeuRS and Y330D mutants exhibited
nearly the same kcat (4.25 and 4.04 s�1, respectively), whereas
theKm value of themutantwas slightly increased (3.3�M for the
mutant versus 2.6 �M for the wild-type LeuRS), which is con-
sistent with the increase of theKd value (see above). The results
confirmed the initial hypothesis that Tyr-330 residue might
interact with the last residue of the tRNA as observed in the
crystallographic structure (15, 19).
In the end we constructed the double mutant of EcLeuRS-

T252A/Y330D to accumulate the negative effects of two indi-
vidual mutations involved in editing and verify that the Y330D

mutation prevents CCA binding in the editing site. Mutation
T252A enlarges the part of the editing site that recognizes the
amino acid moiety, resulting in the hydrolysis of all charged
tRNAs, including Leu-tRNALeu (17, 35). As a consequence, the
aminoacylation activity of T252A was considerably reduced
(17, 35). Interestingly, for the T252A/Y330D double mutant,
the inactivating effect of mutation T252A on tRNA charging
was suppressed by mutation Y330D, which is consistent with
the expected effect of Y330D on the tRNA entry in the CP1
domain (Fig. 5A). The T252A/Y330D double mutant could not
hydrolyze Ile-tRNALeu (Fig. 5B) but catalyzed formation of a
certain amount of Ile-tRNALeu (Fig. 5C). The AMP formation
rate catalyzed by T252A/Y330D in the absence and presence of
tRNA was similar to that of Y330D alone (Table 2), suggesting
that the doublemutant also loses both tRNA-dependent editing
pathways. These data can be compared with other results
recently reported (40). The aminoacylation activity of the
T252A mutant was rescued by one Gly3 Pro mutant located
within the�-strands of the hinge domain that connects theCP1
domain to the Rossmann-fold domain. This Pro mutation
induced defects in post-transfer editing, and by combining this
mutation with the T252A mutation that is defective in Leu-
tRNALeu formation (see above), the authors were able to rescue
the Leu-tRNALeu formation, similar to what we observed here
with the T252A/Y330D double mutant. The authors hypothe-
sized that the charged tRNA could not be translocated from the
aminoacylation to the editing active site, and consequently it
could escape to the hyperhydrolytic activity of T252A mutant
(40). Here we suggest that preventing the CP1-tRNALeu inter-
action by mutating Tyr-330 to Asp is another way to prevent
translocation of the CCA end, to bypass the hydrolytic activity
of T252A mutant, and to rescue the aminoacylation activity of
the enzyme.
Altogether, these data suggest that the Y330Dmutation pre-

vents adequate binding of the tRNACCAend in the editing site.
This effect might result from the electrostatic repulsion
between the phosphate of Ade76 and the mutated residue
Y330D. Consequently, the aminoacyl-tRNA would not be
checked in the editing site but directly released from the
enzyme, which explains the loss of tRNA-deacylation activity.
Concerning the loss of tRNA-dependent editing pathways of
mutants carrying the Y330D substitution, one can see a corre-
lation between the disruption of the interaction with the accep-

FIGURE 5. Aminoacylation and deacylation properties of EcLeuRS T252A/Y330D double mutant. A, aminoacylation of 20 �M EctRNALeu by 20 nM EcLeuRS
(E) or EcLeuRS-T252A/Y330D (F) is shown. B, deacylation of 1 �M Ile-EctRNALeu by 20 nM EcLeuRS (E) or EcLeuRS-T252A/Y330D (F) is shown. C, shown is a
mischarging experiment of 20 �M EctRNALeu with isoleucine by 0.5 �M EcLeuRS (E) or EcLeuRS-T252A/Y330D (F).
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tor end of the tRNA and the loss of tRNA-dependent pre-trans-
fer editing activity. This suggests that the CP1 orientation
changes that are observedwhen comparing the apoenzyme and
the enzyme in complex with tRNA (15, 19) may be crucial for
tRNA-dependent pre-transfer editing activity.
tRNA-dependent Pre-transfer Editing and Post-transfer

Editing Are Both Required to Maintain Aminoacylation
Specificity—The mutagenesis study revealed some crucial res-
idues for post-transfer and pre-transfer editing. The mutants
could also be used to compare the contribution of the different
pathways to aminoacylation fidelity. Toward that end, we com-
pared the misacylation of tRNALeu by Ile by the different
mutants. The misacylation can be regarded as the net result of
the various proofreading activities of the enzyme. Among the
constructed mutants, the Tyr mutants (AaLeuRS-Y358D and
EcLeuRS-Y330D) were the most severely damaged in both
tRNA-dependent editing pathways including tRNA-dependent
pre- and post-transfer editing (Tables 1 and 2), whereas the Thr
mutants (AaLeuRS-T273R and EcLeuRS-T252R) only lose
their post-transfer editing (Fig. 2). As expected, the mischarg-
ing curves showed that the Tyr mutants (AaLeuRS-Y358D and
EcLeuRS-Y330D) were the less specific and exhibited the high-
est misacylation rates (Fig. 6). The Thr mutants (AaLeuRS-
T273R and EcLeuRS-T252R), which still carried tRNA-
dependent pre-transfer editing,weremore specific than theTyr
mutants and exhibited lower misacylation rates. For instance,
the misacylation rates were 2-times lower for EcLeuRS-T252R
mutant compared with EcLeuRS-Y330D (Fig. 6B) or 15-times
lower for AaLeuRS-T273R compared with AaLeuRS-Y358D
(Fig. 6A). These data showed that the LeuRS aminoacylation
specificity could not be achieved by the tRNA-dependent pre-
transfer editing. The pathway hydrolyzed a certain amount of
incorrect aminoacyl-adenylate intermediates, but at the end
the fidelity of aminoacylation is guaranteed by the sum of
tRNA-independent and tRNA-dependent pre- and post-trans-
fer editing.

DISCUSSION

Relative Contributions of the Different Editing Pathways to
Aminoacylation Fidelity—Itwas previously reported that tRNA
could robustly stimulate the editing activity of LeuRSs in the
presence of non-cognate amino acids (22, 31). In theory, stim-
ulation of editing activity by tRNA can occur at the post-trans-
fer level (post-transfer editing) or pre-transfer level (tRNA-de-
pendent pre-transfer editing). However, the total contribution
of tRNA-dependent pre-transfer editing to the total editing of
LeuRS was not well documented. In the present study different
editing conditions, several mutants, and an antifungal com-
pound with antibiotic properties were used to decipher the
contribution of the editing pathways of A. aeolicus and E. coli
LeuRSs.
In the presence of the non-cognate amino acid Nva, LeuRSs

generated high amounts of AMP due to the repetitive cycles of
synthesis-editing. To separate the contribution of tRNA-de-
pendent editing from the tRNA-independent editing, the AMP
formation rates in the presence or absence of tRNA were com-
pared. It appeared that tRNA-independent editing is a minor
pathway that only contributes to 6 and 10% of the AMP synthe-
sis of A. aeolicus and E. coli LeuRSs, respectively (Fig. 7, path-
way 2 in Fig. 8). Included in these AMP formation rates is the
spontaneous hydrolysis rate of Nva-AMP that results from its
release of the enzyme (pathway 1 in Fig. 8), but the rate is so low
that its contribution to AMP accumulation is negligible (22).
Thus, the remaining 94 and 90% of AMP synthesis correspond
to the tRNA-dependent editing pathways, which can basically
be separated in the post-transfer editing and pre-transfer edit-
ing (tRNA-dependent) reactions (pathways 3 and 4 in Fig. 8).

Separation of the post-transfer editing and pre-transfer edit-
ing (tRNA-dependent) reactions was obtained using CP1
mutants that selectively shut down post-transfer editing. A
conservedThr residue from theThr-rich regionwasmutated to
Arg. The resulting AaLeuRS-T273R and EcLeuRS-T252R

FIGURE 6. Isoleucylation of tRNALeu by AaLeuRS, EcLeuRS, and their editing-defective mutants. A, shown is isoleucylation of 20 �M AatRNALeu by 3 �M

AaLeuRS (F), AaLeuRS-T273R (E), or AaLeuRS-Y358D (�) and isoleucylation of 20 �M AatRNALeu by 3 �M AaLeuRS or AaLeuRS-T273R, which is also shown in
inset a. B, shown is isoleucylation of 20 �M EctRNALeu with isoleucine by 0.5 �M EcLeuRS (F), EcLeuRS-T252R (E), or EcLeuRS-Y330D (�).
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exhibited full aminoacylation activity, but nopost-transfer edit-
ing activity, as shown by the deacylation assay. This could be
explained by the fact that the larger residue Arg created steric
hindrance at the entrance of the post-transfer editing site for
misacylated tRNA, leading to loss of post-transfer editing as
already observed with other large residues (17, 35). Neverthe-
less, despite the loss of post-transfer editing, both mutated
A. aeolicus and E. coli LeuRSs produced 71 and 45% of the ini-
tial AMP level, respectively (Fig. 7), indicating that tRNA-de-
pendent pre-transfer editing is a robust editing pathway that
efficiently hydrolyzes misactivated amino acid (pathway 3 in
Fig. 8). Previous work on AaLeuRS also revealed the existence
of a tRNA-dependent pre-transfer editing; however, the latter
was estimated to account for only 13% of the total AMP forma-
tion rate (22). This substantial difference was likely due to the
D373A mutation used to inactivate the CP1 domain (22)
instead of the T273R (or EcLeuRS-T252R) used in the present
work. This difference suggests that each mutation has a signif-
icantly different impact on the CP1 domain. In TtLeuRS, the
equivalent residue of Asp-373 has been shown to be crucial for
the interaction with the amino group of Nva in the adenylate
molecule (15), whereas the equivalent residue of Thr-273 forms
part of the pocket intended to exclude from deacylation the
cognate Leu-adenylate. For unexplained reasons, the mutation
of Asp-373 to Ala more strongly impacted tRNA-dependent
pre-transfer editing than the T273R mutation. One hypothesis
may be that tRNA-dependent pre-transfer editing occurs
within the CP1 domain, and Asp-373 may play a more conse-
quential role in catalysis than Thr-273. Alternatively, D373A
mutation may bring a subtle conformation change in the active
site of CP1, leading to inappropriate interaction with tRNA,
which subsequently reduced tRNA-dependent pre-transfer

editing activity. One may suggest
inactivating the CP1 domain by
deleting the entire CP1 domain, as
was recently reported (30). Never-
theless, this kind of large deletion
may destabilize the protein and
induced long-distance effects on the
aminoacylation and amino acid
activation activities as observed
(30). The data suggest that the best
way to inactivate a CP1 domainmay
be to combine several mutations of
the crucial residues (Thr-252 and
Asp-345 for instance) that should
not disturb the enzyme conforma-
tion and synthetic activity.
A Mutation in the CP1-editing

Domain That Affects tRNA Binding
Abolishes Both the Post- and the Pre-
transfer tRNA-dependent Editing
Pathway—When a mutation was
introduced in the CP1 domain
(AaLeuRS-Y358D or EcLeuRS-
Y330D) to prevent proper binding
of tRNA, both tRNA-dependent
pre-transfer editing and post-trans-

FIGURE 7. Histogram summarizing the relative contributions of each edit-
ing pathway in AMP formation. Percentages were calculated from kobs
values of AMP formation reported in Tables 1 and 2. tRNA-independent pre-
transfer editing was measured in the absence of tRNA. tRNA-dependent pre-
transfer editing was obtained with AaLeuRS-T273R and EcLeuRS-T252R
mutants in the presence of tRNA deduced from the tRNA-independent pre-
transfer editing contribution. Post-transfer editing was the difference
between the native enzymes and the post-transfer defective mutants (or for
EcLeuRS in the presence of AN2690), both in the presence of tRNA.

FIGURE 8. Schematic presentation of editing pathways and effects of the different mutations or AN2690
addition. Numbers refer to the editing pathways. Pathway 1 is the spontaneous chemical hydrolysis after release
from the enzyme. Pathway 2 is the tRNA-independent pre-transfer editing. Pathway 3 is the tRNA-dependent pre-
transfer editing. Pathway 4 is the post-transfer editing (tRNA-dependent). The remaining synthetic and editing
pathways of each mutant and AN2690 are shown in the lower part of the figure. AA, aminoacyl.
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fer editing were abolished (Fig. 4, pathways 3 and 4 in Fig. 8).
Such an effect could be interpreted in two ways. One interpre-
tation would be that both post- and pre-transfer tRNA-depen-
dent editing pathways reside into the CP1-editing domain, but
this would be contradicted by the Thrmutants described above
that specifically abolished post-transfer editing and did not
affect AMP formation resulting from tRNA-dependent pre-
transfer editing. One might argue that pre- and post-transfer
substrates bind different binding sites in the CP1-editing
domain; however, it was shown that both substrates use essen-
tially the same binding site (15). Another explanation would be
that tRNA binding triggers a conformation change that may
confer to the enzyme the ability to hydrolyze non-cognate
adenylates. In that case the question of the location of the pre-
transfer editing reaction would remain inconclusive, and we
cannot exclude the possibility that the reaction occurs within
the synthetic site as recently proposed (30).
AN2690 Covalently Binds CCA in the CP1-editing Domain

and Specifically Inhibits Post-transfer Editing in Addition to
tRNA Charging—AN2690 was used as an additional probe to
explore the LeuRS editing mechanism. AN2690 is an antibiotic
that binds the non-cognate amino acid binding pocket in the
editing site. This compound inhibits LeuRS by forming a cova-
lent adductwith the 3�-adenosine of tRNALeu at the editing site,
thus locking the enzyme in an inactive conformation (33). The-
oretically, when the adduct of AN2690 is formed in the CP1
domain, the binding of Nva-AMP as described earlier is no
longer possible because of their overlapping binding sites (15,
33). When tRNALeu was covalently bound in the editing
domain with AN2690, we observed the post-transfer editing
was inhibited as shown by the decrease of AMP formation and
of Ile-tRNALeu deacylation (Fig. 3). However, a robust AMP
formation resistant to AN2690 and tRNA-dependent still
existed (kobs � 1.86 s�1, Table 2). The AMP formation rate was
close to the rate measured with CP1-inactivating mutation
T252R, also deprived of deacylation activity (kobs � 1.53 s�1,
Table 2), suggesting that a similar pathway was impaired in
both cases. In other words, AN2690 mimics the effect of the
T252R mutation in inactivating the post-transfer editing while
preserving intact tRNA-dependent pre-transfer editing (Fig. 8).
However, the aminoacylation activity was lost in the presence
of AN2690 but not T252R mutation.
CCA Binding in the CP1 Domain Activates the Pre-transfer

Competent State—In summary, our results showed that the
tRNA-dependent pre-transfer editing of LeuRS was kept intact
when the CP1-editing site was inactivated either by the Thr
mutations (EcT252R and AaT273R) or by AN2690 that
entrapped the CCA end of tRNALeu into the CP1 domain. An
active CP1 domain was not required for tRNA-dependent pre-
transfer editing, but a proper binding of the tRNA-CCA end in
the CP1 domain was essential for non-cognate adenylate hy-
drolysis. Indeed, changing one essential interaction between
the tRNA-terminal adenine and EcLeuRS residue Tyr-330
completely abolished tRNA-dependent pre-transfer editing to
a basal level corresponding to the tRNA-independent pre-
transfer editing (kobs � 0.36 s�1, Table 2). Fluorescence titra-
tion confirmed that themutation Y330D impacted tRNA bind-
ing. The result revealed a 2-fold increase of the Kd for tRNALeu

(supplemental Fig. S2) corresponding to a binding energy vari-
ation of �0.46 kcal/mol, a value that might correspond to the
loss of one hydrogen bond with the CCA end.
In summary, the data indicate the entry of the 3� end of tRNA

into the editing site confers to the enzyme a conformation for
the pre-transfer editing catalysis. Significant conformation
changes were observed when comparing the complexed and
uncomplexed LeuRS structures (19), but their involvement in
activating the pre-transfer editing site can hardly be proved.
Concerning the location of the tRNA-dependent pre-transfer
editing site, one cannot eliminate a possible location into the
synthetic site as observed with synthetases deprived of sepa-
rated editing domains (23, 28, 29). This would explain to some
extent that the CP1-inactived LeuRSs here tested were still
active in tRNA-dependent pre-transfer editing. In several
aspects, the tRNA-dependent pre-transfer editing mystery
appears like the tRNA-dependent amino acid activation cata-
lyzed by Arg-, Glu-, and glutaminyl-tRNA synthetase. This
phenomenon has been studied for decades because the inter-
mediates could not be isolated and studied separately. Both
activation and editing reactions require tRNA to form a kind of
transient ribonucleoprotein providing the three-dimensional
conformation required for the synthetic or hydrolytic catalysis.
To further study in the mechanism of tRNA-dependent pre-
transfer editing, it would be necessary to identify crucial resi-
dues directly and specifically involved in the hydrolysis of mis-
activated amino acid. Molecular dynamics simulations may
also assist in understanding the molecular trigger of the editing
pathways, the adenylate trajectories, and the editing process.
Investigations of the editing process may require fast kinetics
approaches to understand the different steps and transient con-
formational changes (41). Detailed analysis of the editing pro-
cess may require isolation of as yet unstudied labile and tran-
sient intermediates.
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